Crimean-Congo hemorrhagic fever virus (CCHFV) belongs to the family Bunyaviridae (genus Nairovirus) and causes severe hemorrhagic symptoms in humans (7) . CCHF is distributed worldwide with the exception of the American continents. There have been many outbreaks of CCHF in countries from South Africa to the western part of China, including Eastern European and Middle Eastern countries (8) . CCHFV is a tick-borne virus which is transmitted by ticks from the genus Hyalomma (7) . Humans are usually infected with CCHFV either through the bites of infected ticks or by direct contact with virus-contaminated tissues or blood. CCHF outbreaks have been reported among agricultural workers, abattoir workers, and shepherds who handle livestock animals such as sheep, goats, and ostriches (10, 21) . Furthermore, nosocomial, or in-house, CCHF infections have also been reported among caregivers (2, 6, 20, 23) .
It was reported that the epidemic of CCHF in the United Arab Emirates was caused by imported livestock and ticks from Somalia and Nigeria (17) . Although there has been no definite evidence that CCHFV is imported from an outbreak area to CCHFV-free countries through CCHFV-infected humans, it is possible that the virus could be introduced to outbreak-free areas through CCHFV-infected ticks, humans, and animals.
In the present study, we developed an enzyme-linked immunosorbent assay (ELISA) to detect CCHFV-directed immunoglobulin G (IgG) by using the recombinant nucleoprotein (rNP). We demonstrated that this new ELISA system has high sensitivity and specificity in detecting CCHFV antibody in human sera in comparison to the indirect immunofluorescence (IIF) method using authentic viral antigen. The results suggest the usefulness of this IgG ELISA for serological diagnosis and epidemiological studies of CCHFV infections.
MATERIALS AND METHODS

Cells and viruses.
The Vero E6 cell line was purchased from the American Type Culture Collection and cultured in Eagle's minimum essential medium containing 10% fetal bovine serum and antibiotics (penicillin and streptomycin). Tn5 insect cells were also used for the expression of CCHFV rNP in a baculovirus system. Tn5 insect cells were cultured in TC-100 (Life Technologies, Rockville, Md.) supplemented with 10% fetal bovine serum, 2% tryptose phosphate broth (Becton Dickinson Microbiology Systems, Sparks, Md.), and kanamycin. CCHFV (Chinese strain 66019) isolated from a patient with CCHF in the western part of the Xinjiang Autonomous Region, People's Republic of China, in 1966 was used in the study (24) .
Sera. Twenty-five serum samples were collected from human subjects in the area where CCHF is endemic, the western part of the Xinjiang Autonomous Region. Two serum samples collected from patients with CCHF in the convalescent phase were provided to us by T. G. Ksiazek, Special Pathogens Branch, National Center for Infectious Diseases, Centers for Disease Control and Prevention (CDC), Atlanta, Ga. Ninety-six serum samples collected from Japanese volunteers who had no past history of travel to the area where CCHF is endemic were used as controls. An anti-CCHFV rNP polyclonal rabbit serum was raised in a rabbit previously immunized with purified CCHFV rNP in the form of a mixture with adjuvant (Inject Alum; Pierce, Rockford, Ill.). Further, a monkey (Macaca fascicularis) was immunized with purified CCHFV rNP using the adjuvant Inject Alum, and serum was collected and used as a positive control. The monkey serum collected before immunization was used as a negative control. The method of expression and purification of CCHFV rNP is described below. A monoclonal antibody directed against glutathione S-transferase (GST) protein was generated by fusing the spleen cells collected from BALB/c mice immunized with purified GST-tagged protein with mouse myeloma cells (the P3/Ag568 cell line) and was used in these experiments.
Recombinant transfer vector. In order to construct our transfer vector, an entire cDNA clone of NP from CCHFV Chinese strain 8402 was used. The DNA of CCHFV NP was amplified by PCR from the source using primers CCHF-NP/ F(HI) (5Ј-GTGCTGGATCCATGGAGAATAAAATCG-3Ј) and CCHF-NP/ R(HI) (5Ј-CGGATCCTCAGATGATGTTGGCACTG-3Ј) (the BamHI restriction sites are underlined in both sequences). The PCR conditions were 5 cycles of denaturation at 94°C for 40 s, annealing at 40°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 2 min; 15 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 30 s, and extension at 72°C for 2 min; and additional extension at 72°C for 5 min. The amplified DNA (1.6 kbp) was digested with BamHI and subcloned into the BamHI site of pQE30 vector DNA (QIAGEN GmbH, Hilden, Germany) to construct pQE30-CCHFV NP. The inserted CCHFV NP DNA was sequenced using appropriate primers with ABI PRISMTM 310 genetic analyzer (PE Applied Biosystems, Foster City, Calif.) and was confirmed to be in proper orientation to the promoter and identical to the original sequence. The DNA fragment of CCHFV NP with a histidine (His) tag was isolated from the plasmid pQE30-CCHFV NP by digestion with EcoRI and SalI. Then, it was repaired for blunting with Klenow enzyme and ligated into the blunt-ended cloning site of pAcYM1 (15) . The resultant recombinant transfer vector with the correct orientation to the promoter was designated pAcYM1-His-CCHFV NP.
Generation of recombinant baculovirus. Tn5 insect cells were transfected with mixtures of purified Autographa californica nuclear polyhedrosis virus (AcMNPV) DNA and recombinant pAcYM1-His-CCHFV NP following the procedures described by Kitts et al. (11) with the modification of Matsuura et al. (15) . Recombinant baculovirus was isolated. The baculovirus, which expresses a His-tagged recombinant NP of CCHFV (His-CCHFV rNP), was designated Ac-His-CCHFV NP. A baculovirus (Ac-⌬P) which lacks polyhedrin expression was used as a control virus.
Expression of His-CCHFV NP. Ac-His-CCHFV NP-infected Tn5 cells were incubated at 26°C for 72 h. Then, the cells were washed twice with cold phosphate-buffered saline (PBS) solution and lysed in cold PBS solution containing 1% Nonidet P-40 (NP-40). The cell lysate was centrifuged at 13,000 ϫ g at 4°C for 10 min. The supernatant fraction was collected as a source of His-CCHFV NP for purification. The His-CCHFV rNP was purified using an Ni 2ϩ resin purification system (QIAGEN GmbH) according to the manufacturer's instructions. Expression of His-CCHFV rNP was analyzed on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels (12% polyacrylamide) stained with Coomassie blue.
Expression of truncated NPs. In order to determine the antigenic regions within the NP, we expressed overlapping fragments of NP (Fig. 1) . The DNA corresponding to each of the truncated NP fragments was amplified with the designed primer sets. The amplified DNA was subcloned into the BamHI and EcoRI cloning sites of plasmid pGEX-2T (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, England). Each insert was sequenced and confirmed to be in a correct frame and identical to the original sequence. The GST-tagged NP fragments were expressed in an Escherichia coli (BL21) system.
Western blotting. His-CCHFV rNP and the recombinant NP fragments were tested for reactivity to the serum samples by Western blotting. E. coli (BL21) cell lines expressing each of the NP fragments were resuspended in an appropriate amount of PBS solution and sonicated at full power for 1 min. The sonicated cell suspensions and His-CCHFV rNP were then adjusted to 1ϫ SDS sample buffer (0.0625 M Tris [pH 6.8], 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.001% bromophenol blue) and boiled for 10 min. Equal quantities of samples were loaded onto an SDS-12% PAGE gel (4% stacking gel). The protein bands were then electroblotted onto nitrocellulose membrane. The blots were incubated in PBS containing 0.05% Tween-20 (TPBS) and 5% skim milk (M-TPBS) at room temperature for 1 h to block nonspecific sites. The blots were incubated with CCHF patients' sera (1:100 dilution), with the rabbit serum to His-CCHFV rNP (1:500 dilution), or with the monoclonal antibody to GST protein for 1 h at room temperature. After being washed in TPBS, the membrane was incubated with secondary antibodies (horseradish peroxidase [HRPO]-conjugated goat antihuman IgG antibody, HRPO-conjugated goat anti-rabbit IgG, and HRPO-conjugated goat anti-mouse IgG [1:1,000 dilution]; ZYMED Laboratories, San Francisco, Calif.). Antigen levels were visualized by reaction with POD immunostain set (Wako BioProducts, Inc., Tokyo, Japan).
ELISA. ELISA was performed as previously described except for the antigen preparation (12, 18) . Briefly, ELISA plates were coated with the predetermined optimal quantity of purified His-CCHFV rNP (approximately 100 ng/well) at 4°C overnight. Then, each well of the plates was inoculated with 200 l of M-TPBS and incubated for 1 h for blocking. The plates were washed three times with TPBS and then inoculated with the test samples (100 l/well), which were diluted fourfold from 1:100 to 1:6,400 with M-TPBS. After a 1-h incubation period, the plates were washed three times with TPBS, and then the plates were inoculated with goat anti-human IgG antibody labeled with HRPO (1:1,000 dilution; ZYMED Laboratories). After a 1-h incubation period, the plates were washed and 100 l of ABTS [2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid)] solution (Roche Diagnostics, Mannheim, Germany) was added to each well. The plates were incubated for 30 min at 37°C, and the optical density (OD) was measured at 405 nm with reference at 490 nm. The adjusted OD was calculated by subtracting the OD of the noncoated wells from that of the corresponding wells. The mean and standard deviation (SD) were calculated from those of 96 control sera. The cutoff value for the assay was defined as the mean plus 3 SD.
Positive-and negative-control monkey sera were tested in each ELISA for verification.
IIF. The antibody titer to CCHFV was determined by the IIF method, using CCHFV (strain 66019)-infected Vero E6 cells. Briefly, Vero E6 cells infected with CCHFV were washed with PBS and air dried on 14-well HT-coated slide glasses (AR Brown Co., Ltd., Tokyo, Japan). The cells were then fixed in cold acetone for 10 min and used as antigens. Serum samples were serially twofold diluted with PBS from 1:20 to 1:640. The diluted samples were put on the antigens and incubated for 1 h at 37°C under humidified conditions. The slides were washed with PBS and inoculated with fluorescein isothionate-labeled goat anti-human IgG antibody (1:70 dilution; ZYMED Laboratories). After the slides were washed with PBS, fluorescein isothionate signal was observed under an immunofluorescent microscope (Olympus, Tokyo, Japan).
Positive-and negative-control monkey sera were also tested by the IIF method in each IIF test for verification. Nucleotide sequence accession number. The complete nucleotide sequence of the Crimean-Congo hemorrhagic fever virus (8402 strain) NP gene used in this paper is registered in GenBank under accession no. AJ010649.
RESULTS
Expression and purification of His-CCHFV rNP. The expression of His-CCHFV rNP in Ac-His-CCHFV NP-infected insect cells was demonstrated by SDS-PAGE analysis. The
His-CCHFV rNP was purified almost to homogeneity, as shown in Fig. 2a . The His-CCHFV rNP was specifically detected by Western blotting with CCHF patient's serum, indicating that the protein band visualized in Fig. 2a (lane 2) is the expressed recombinant His-CCHFV rNP with the antigenicity of the rNP of CCHFV (Fig. 2b) .
Sensitivity and specificity of IgG ELISA with His-CCHFV rNP. The positive-control monkey sera showed positive reactions in an IIF test with a titer of 160, while the negativecontrol monkey serum showed a negative reaction. The OD value of the positive-control monkey serum by ELISA with His-CCHFV rNP was 0.885 at 1:400 dilution. Using 123 sera, this IgG ELISA with His-CCHFV rNP was tested for sensitivity and specificity compared with those of an IIF test with authentic CCHFV antigen. These serum samples had been determined to be CCHFV antibody positive or negative by IIF testing with CCHFV-infected Vero E6 cells. Fifteen serum samples consisting of 13 sera collected in the Xinjiang Autonomous Region and the 2 sera from CDC were determined to be positive by IIF testing, and 108 serum samples were determined to be negative by IIF testing.
The mean and SD obtained using 96 Japanese sera at 1:400 dilution were 0.078 and 0.045, respectively. Therefore, the cutoff value of ODs at 1:400 dilution was determined to be 0.213. Thirteen of the 15 IIF-positive sera and 1 of the 108 IIFnegative sera were determined to be positive by IgG ELISA ( Table 1 ). The 1 serum sample which showed a negative reaction by the IIF test but a positive reaction by IgG ELISA was among the 12 IIF-negative Chinese sera. All the Japanese control sera were determined to be antibody negative by this criterion. The sensitivity and specificity were thus calculated to be 87 and 99%, respectively.
Relationships between OD values determined by IgG ELISA and CCHFV antibody titers determined by the IIF method. OD values determined by IgG ELISA were compared with antibody titers determined by the IIF method, using the 15 IIF-positive human sera and 1 positive-control monkey serum (Fig. 3 ). There was a significant positive correlation between the ODs at 1:400 dilution and the CCHFV antibody titers (P Ͻ 0.01). Antigenicities of truncated CCHFV NPs. We attempted to localize the antigenic regions recognized by CCHFV antibodies. We selected four human serum samples, which had high antibody titers to CCHFV, and the rabbit polyclonal serum to His-CCHFV rNP. The full-length CCHFV rNP and the five overlapping truncated NP fragments were examined for antigenicity using these serum samples in Western blotting (Fig. 1) . As shown in Table 2 , all of the tested sera reacted only to GST-CCHFV NP3. No sera reacted to the other truncated NP fragments. These results indicate that GST-CCHFV NP3, the central region of CCHFV NP, has high antigenicity and suggest that the epitopes recognized by CCHFV antibodies within CCHFV NP are present only in this fragment.
FIG. 2. SDS-PAGE (a) and Western blot (b) analyses of the expression of His-CCHFV NP in insect cells upon infection with
DISCUSSION
Various methods, including ELISA, IIF testing, complement fixation, and reversed passive hemagglutination and inhibition methods, have been used for detecting CCHFV antibodies (1, 3, 5, 9, 16, 22) . Nevertheless, all these methods require at one stage that live virus be manipulated, which necessitates the use of biosafety level 4 containment. The CCHFV rNP from CCHFV strain AP92 (GenBank accession no. U04958) expressed in the baculovirus system had been reported to be useful for the detection of specific antibody to the CCHFV NP, but the sensitivity and specificity of the IgG ELISA were not evaluated (14) . In the present study, we expressed CCHFV rNP from CCHFV Chinese strain 8402. The amino acid homologies in CCHFV NP and CCHFV NP3 from CCHFV strain 8402 were 91.9 and 92.5%, respectively, with those from CCHFV strain AP92. We confirmed that the CCHFV rNP from a Chinese strain was also useful as an ELISA antigen for detecting specific antibodies in CCHF patients' sera. Furthermore, the sensitivity and specificity of the IgG ELISA using His-CCHFV rNP were determined in comparison to IIF testing with authentic viral antigen in the present study. Marriott and colleagues revealed that the antibodies to Dugbe and Hazara viruses, related nairoviruses, did not cross-react with CCHFV rNP in ELISA (14) . Therefore, His-CCHFV rNP is considered not to be cross-reactive with the antibodies to these viruses in ELISA. The advantage of our IgG ELISA system is that the antigen can be prepared in a facility without a biosafety level 4 laboratory. Furthermore, as shown in Fig. 2 , His-CCHFV rNP was soluble in 1% NP-40-PBS solution, and the His tag on the N terminus allowed purification of this protein. Based on those characteristics, this ELISA is a very attractive system compared to other methods commonly used worldwide.
The main antigenic region of the NP was located on GST-CCHFV NP3, the central fragment of the NP between amino acids 201 and 306 ( Table 2 ). The amino acid residues in this region were compared among CCHFV isolates, which included Chinese strains (GenBank accession no. AY029157, M86625, AF354296, AF358784, AF362080, AJ010648, and AJ010649) and non-Chinese strains (GenBank accession no. U88410, U88411, U88412, U88413, U88414, U88415, U88416, and U04958). The homologies were between 92 and 100%, indicating that this region is extremely highly conserved. The CCHFV NP3 had 97 to 100% homology to the other Chinese strains and 92 to 96% homology to the non-Chinese strains IbAr 10200, DAK8194, and UGANDA3010. Thus, it is likely that our IgG ELISA prepared with the rNP of CCHFV Chinese strains can detect antibodies not only to CCHFV Chinese strains but also to the other stains circulating in the world.
We believe that IgG ELISA alone is not enough for the accurate diagnosis of CCHF. Detection of IgM specific to CCHFV and CCHFV antigens is also important for early diagnosis of CCHF. Detection of IgM by the IIF method or by IgM capture ELISA using CCHFV rNP is in the process of validation in our laboratories. Virus isolation, CCHFV antigen detection ELISA, and reverse transcription-PCR are also useful methods for the diagnosis of CCHF (4, 13, 17, 19) .
In summary, we developed an IgG ELISA system using CCHFV rNP and demonstrated that it has high sensitivity and specificity. Therefore, it is expected that this IgG ELISA will be useful for diagnosis and for seroepidemiological studies of CCHFV infections. c The numbers 1 to 5 indicate the name of the truncated fragment (Fig. 1 ).
